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Executive Summary

The High-Lift Flight Tunnel (HiLiFT) concept is a revolutionary approach to aerodynamic ground testing
and it was an outgrowth of the National Wind Tunnel Complex (NWTC) study. Contrary to conventional
wind tunnels where the test medium is moved over a stationary model, the HiLiFT concept utilizes
emerging magnetic levitation and linear motor technologies from the high-speed ground transportation
industry to propel the model through a tube containing a quiescent test medium. The test medium
(nitrogen) in HiLiFT is temperature-controlled and pressurized to achieve low-speed Reynolds numbers
higher than any existing ground test facility in the world. In addition to flight Reynolds number
capability, the quiescent test medium of the HiLiFT concept is expected to provide low disturbance and
acoustic testing capabilities currently unavailable anywhere in the world.

A Phase | study, completed in February 1998, established that the technology exists to construct a HiLiFT
ground test facility. Phase 11, which is the subject of this report, was completed in July 1999 and validated
the technology with analytical assessments as well as conceptual design. Phase IlI, if funded, will
demonstrate the technology with the implementation of a pilot facility and appropriate experiments.

The approach to Phase 1 was to establish that critical enabling technologies required for HiLiFT are, or
would be, available in the timeframe necessary for HiLiFT development. The Phase 1 effort showed that
the magnetic levitation and linear motor technologies are available, but no fully comparable system has
previously been designed and tested. During Phase 1, the pressure vessel and cryogenic systems were
determined to be feasible. Initial construction cost estimates were also established, but additional design
of high risk systems were required to validate costs. Outputs of the Phase 1 study included
recommendations that component design and sizing of maglev and linear motor systems be conducted;
model dynamics and attitude control be investigated and quantified, and a comprehensive productivity
study be performed.

The Phase 11 objective was to thoroughly examine the HiLiFT concept relative to the facility requirements
derived from the NWTC study. Phase 1l activities included a comprehensive feasibility study, which
particularly addressed the critical elements identified in the Phase I studies. The HiLiFT feasibility study
was instituted to validate that the concept of a large-scale pressurized, cryogenic tube was technically
feasible and to determine its construction and operating costs. Study participants included National
Aceronautics and Space Administration Langley Research Center (NASA-LaRC) as the Program Manager
and MSE Technology Applications, Inc. (MSE) of Butte, Montana as the prime contractor and study
integrator. MSE’s subcontractors included the University of Texas at Arlington (UTA) for aerodynamic
analyses and the Argonne National Laboratory (ANL) for maglev and linear motor technology support.

The current design concept calls for the HiLiFT to be a 20-feet (ft) (6.1-m) diameter stainless steel tube
possessing a clear 16-ft (4.9-m) diameter space in the center for testing. The tunnel is one-half mile in
length, with thermal insulation installed on the outside and acoustic damping material on the inside. It
will be pressurized to 7.5 atmospheres (atm) using nitrogen at —250 °F (=157 °C). The required
temperature and pressure will be maintained by carefully controlled injections of liquid nitrogen. A set of
two isolation valves on one end will allow models to enter or leave the test chamber while the tunnel is
being held at test conditions. Models can be tested at full flight Reynolds number from 0.05 to 0.50 Mach
with accelerations up to 3 g (29.3 m/s%).

The Phase 11 design and analytical studies concentrated on determination of the aecrodynamic environment
within the tunnel, model cart design, magnetic levitation and propulsion system analyses and design, test
thermal environment, and HiLiFT construction cost and schedule estimates. Additional Phase 11 activities



included analyses of operating cost, safety, productivity, and performance. It was determined that a
national HiLiFT facility, including a smaller pilot facility, can be constructed for a cost of approximately
$400M, and it could be operational by 2013 if fully funded. The design studies validated the Phase I
conclusion that the HiLiFT facility is feasible to build and operate with reasonable extensions of existing
technology, and the analytical studies revealed no insurmountable difficulties to realizing a practical high
Reynolds number ground test facility. However, significant work remains in order to realize the promise
shown by the study, particularly in the area of the model cart design and model attitude control.

In summary, the Phase 1l feasibility study described in this report provides excellent assurance that the
HiLiFT concept will provide a valuable low-speed, high Reynolds number ground test facility. During
Phase 111, the emphasis should be on concept and system demonstration using simplified or subscale
hardware. Key activities include tunnel design and manufacture, thermal design and analysis, maglev
system design and operation, model cart design and performance, and aerodynamic performance. At the
conclusion of Phase 111, all key hardware and concepts will have been validated, and the results of the
testing and analysis will have been incorporated into a single system design. Full-scale and detailed
design efforts can follow Phase 111 with confidence in technology, implementation, expected data quality
and quantity, and cost and schedule estimates.



Background

History

In October of 1996, NASA-LaRC initiated an effort to develop new subsonic, high Reynolds number
ground testing concepts. The objective of this initiative was to conceive of a means to achieve subsonic
flight Reynolds number test capability, on the order of 70 million, in a more cost-effective manner than
that offered by conventional wind tunnel approaches. The initiative was spearheaded by NASA-LaRC’s
Chief Scientist and the study was conducted by NASA-LaRC’s Systems Engineering Competency.

The first research facility concept considered was a large, cryogenic Ludweig tube proposed by General
Applied Science Laboratories, Inc. (GASL). The proposed Ludweig tube was 24 ft [7.3 meters (m)] in
diameter, 2,500-ft (763-m) long, and pressurized to 10 atm [1.0 megaPascal (Mpa)] with -250 °F
(=157 °C) gaseous nitrogen. These design parameters provided approximately 5 seconds of subsonic
testing at the target Reynolds number. However, it was found that each 5-second operation cycle (or shot)
exhausted 750 tons [6.8 - 10° kilograms (kg)] of gaseous nitrogen at a cost of approximately $75,000.

Although the large cryogenic Ludweig tube was found to be cost prohibitive, it initiated a series of further
investigations into other “pulse type” ground testing techniques. It was through these investigations that
the HiLiFT was conceived by the systems engineering competency.

The HiLiFT is a revolutionary new approach to acrodynamic ground testing. Contrary to conventional
wind tunnels where the test medium is driven over a stationary model, the HiLiFT concept utilizes
emerging magnetic levitation and linear motor technologies from the high-speed ground transportation
industry to propel the model through a tube containing a quiescent test medium (air or nitrogen). Unlike
traditional tow tanks, the test medium in the flight tunnel is temperature controlled and pressurized to
achieve low-speed Reynolds numbers higher than any existing test facility in the world. Utilizing various
combinations of pressure and temperature, HiLiFT can provide: 1) a full-span Reynolds number of
70 million at Mach 0.3 equivalent to that of a Boeing 747 transport; or 2) a Reynolds number of 1 billion
equivalent to that of a U.S. Navy Los Angeles class submarine. In addition to flight Reynolds number
capability, the quiescent test medium of the HiLiFT concept is expected to provide low disturbance and
acoustic testing capabilities unavailable in the world today.

The current methods and facilities used to perform subsonic acrodynamic testing are primarily continuous
flow wind tunnels driven by fans or compressors. These wind tunnels are large, complex, expensive
facilities with numerous ancillary systems. A small number of conventional wind tunnels utilize pressure
and cryogenic fluids, usually nitrogen, to achieve higher Reynold’s numbers. However, both the capital
costs and operating costs of these facilities are very high due to their complexity, power requirements,
and nitrogen consumption. Other disadvantages of conventional facilities include high noise levels from
the fan system resulting in detrimental test section turbulence and low reliability or productivity due to
the overall complexity of the facility.

The flight tunnel consists of a sealed tube, a high-speed transportation system, and a mobile model
support cart as its primary components. The tube is filled with air or gaseous nitrogen at a given
temperature and pressure. The model support cart is then accelerated via a magnetic levitation and/or a
linear motor system. Once the desired test velocity is reached, the velocity is maintained constant by the
magnetic levitation/linear motor systems for a specified period of time before the model support cart is



decelerated. Test data gathered during the run is stored onboard the model support cart for future retrieval
or sent to an outside data acquisition system by wireless transmission.

Relationship of Reynolds Number, Mach Number, and Tunnel Size

The design objective of the HiLiFT facility is to duplicate the true flight Reynolds numbers and Mach
numbers for a wide variety of commercial and military flight vehicles. The Reynolds number and Mach
number of an aircraft traveling in a gaseous medium are governed by the following equations.
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Reynolds number where:

gas density [kg/square meter (m?)]

characteristic length (usually nominal wing chord length) (m)
velocity of aircraft [m/second (s)]

gas viscosity (N - s/m?)
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velocity (m/s)
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ratio of specific heats of gas = C,/C,
gas constant (J/kg - K)

temperature of gas (K)
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Pressure effect: When the pressure is changed, the density changes proportionately according to the ideal
gas law, Other parameters essentially remain the same with pressure; therefore, the Reynolds number is
essentially directly proportional to pressure.

Temperature effect: Density, velocity, and viscosity all change with temperature. Density changes in
accordance with the ideal gas law. Velocity changes because the velocity is equal to the test Mach number
times the speed of sound, and the speed of sound changes with the square root of temperature. The
viscosity of air or nitrogen also changes with temperature.

The primary design goal for the HiLiFT concept was to achieve a Reynolds number of 55 million per foot
at Mach 0.3. Using the previously cited relations for Mach number and Reynolds number yields the
Reynolds number/temperature curves at varying pressures shown in Figure 1. The operating point
selected was —250 °F (-157 °C) at 7.5 atm (0.76 MPa). This gave approximately a 1/19-scale model and a
velocity of 225 ft/s (153 miles per hour (mph) or 68.6 m/s) at Mach 0.3. A diagram showing how the
proposed HiLiFT compares with existing, conventional wind tunnels and with the chord Reynolds
numbers of existing commercial aircraft is presented in Figure 2.



Reynolds Number Variation with Temperature
(Gas = Nitrogen, Mach Number = 0.30)
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Figure 1. Variation of Reynolds number with temperature for various pressures at
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Figure 2. Chord Reynolds numbers of existing commercial aircraft.

Concept Description

The current design concept for the HiLiFT is a circular cross-section cylinder 20 ft (6.1 m) in diameter
and 2,500-ft (762-m) long, with a 16.5-ft (5-m) diameter useable clear space in the tunnel center for



“flying” the models. The tunnel is pressurized with nitrogen ranging from 1 to 7.5 atm (0.1 to 0.76 MPa)
of internal pressure and from +70 °F (+21 °C) to =250 °F (—157 °C) in temperature. The tunnel walls and
support structure will be fabricated from stainless steel and mounted on concrete foundations set every
50 ft (15.2 m). The end of the tunnel nearest the facility support building will be firmly attached to the
foundation, while the other end will be allowed to expand and contract by moving on roller bearings. A
magnetic levitation and propulsion (maglev) system will be mounted on a rail support system within the
tunnel, which also serves to stiffen the tunnel, thus reducing the structural effects of the cart and model
accelerating through the tunnel. A pressure lock system will be employed as a means of moving models
in and out of the tunnel so they can be modified and maintained while allowing the tunnel to remain at
operating temperatures and pressures. Antireflective materials will be used for the tunnel walls to
minimize the effects of reflected acoustic waves.

An early artist’s concept of what the HiLiFT facility might look like from the outside is shown in
Figure 3, and the early artist’s concept of what the interior of the tunnel might look like as the cart and
model are being moved into position is shown in Figure 4. The velocity profiles for various Mach
numbers and the length of the available test time are given in Figure 5.

Figure 3. Artist’s concept of the HiLiFT facility.



Figure 4. Internal view of the HiLiFT concept.
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Tunnel System

The tunnel pressure vessel shell has an internal diameter of 20 ft (6.1 m) and a test section 2,500-ft
(762-m) long. The model/cart test preparation section of the vessel is an additional 136-ft (41.5-m) long.

The material chosen for the HiLiFT tunnel design is 304/304L dual certified stainless steel. It was chosen
for its high tensile strength, high stiffness, corrosion resistance, and suitability for use at cryogenic
temperatures. The entire 2,500-ft (762-m) length of the tunnel shell will be a single welded cylinder. It
will be allowed to expand and contract longitudinally from thermal changes and pressure expansion. The
entrance end of the 2,500-ft (762-m) long vessel test section will be anchored in place, while the rest of

Figure 5. HiLiFT velocity profiles.

the tunnel will be allowed to move on rollers.




The pressure vessel shell is stiffened and supported with support rings. The support rings will be welded
in place on the outer circumference of the pressure vessel shell and will provide an attachment area to
support the weight of the pressure vessel shell and its contents on the rolling support cradle structures
located under the pressure vessel. The support rings add stiffness to maintain the round shape of the thin
wall shell for the cylindrical pressure vessel. They will be 2-inches (in) [5.1-centimeters (cm)] thick by
24-in (61-cm) high and located at 50-ft (15.2-m) intervals along the length of the pressure vessel shell.
The bottom portion of the outer diameter of each support ring is set in and supported by a cradle in the top
portion of the rolling supports. A cut-away view of the entrance end of the tunnel showing the cart and
model is shown in Figure 6.
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Figure 6. View of the entrance end of the tunnel.

The support cradles are mounted on roller bearings that allow movement in the tunnel longitudinal
direction from expansion and contraction of the vessel shell due to thermal changes. The first support
cradle will have a longitudinal movement of just over 2 in (5.1 cm), while the last support cradle at the far
end of the pressure vessel will have a longitudinal movement of approximately 106 in (2.7 m). The roller
bearing tracks require a vertical and lateral adjustment mechanism capable of lifting and moving the
entire tunnel structure to maintain the pressure vessel alignment.

The Maglev lift magnets, thrust magnets, and guidance magnets will attach to angle mounting rails, which
will be welded to the inside bottom surface of the pressure vessel shell. There are two mounting angles
for the right and left lift magnets, two mounting angles for the right and left thrust magnets, and one
mounting angle for the guidance magnets.



The model/cart test preparation section of the tunnel shown in Figure 6 will be fitted with two pressure-
tight movable bulkhead doors. These doors will allow the tunnel test section operating pressure and
temperature to be maintained while the cart and model are removed from the test section for maintenance
or modification. The outer circumference of the bulkhead doors will be pulled tightly against their sealing
surface using electrically driven clamping bolts.

The tunnel of the HiLiFT will be thermally insulated and jacketed with a closed-cell silica glass insulation
to minimize heat gains and attendant operating costs. The pressure vessel shell, support rings, and vessel-
stiffening frame will be covered with thermal insulation. Six-inch (15.2 ¢cm) thick custom manufactured
curved panels that fit the curvature of the pressure vessel are laminated together to make a composite 36
in (0.91 m) insulation layer around the tunnel.

Acoustic wedges (as used in anechoic chambers) will be installed on the inside surface of the pressure
vessel shell for sound wave attenuation. The acoustic wedges will be installed on the upper approximately
75% of the circumference of the shell wall and will extend along the entire 2,500-ft (762-m) test section.

Cart System

The baseline cart/model support system consists of a deck structure to house the suspension and
propulsion magnets and an adjustable boom assembly to support the model/balance subassembly. The
entire structure is constructed of graphite/epoxy composite except for bearings and metallic positioning
mechanisms, end fittings for composite members, fairing plates, and fasteners. An isometric view of the
details of cart construction is shown in Figure 7.

Vertical structural supports for the main boom and positioning hardware are also graphite/epoxy
composite. The aft boom is attached to the aft supports and rear shaft. Teflon® bearings support the boom
rear yoke and shaft. The forward vertical supports and yaw traverse support are arcs with a 16-ft (4.9-m)
center of curvature. The boom assembly serves to position the model/balance. It is supported by tandem
pitch positioners actuated by electric ball screws, as well as a yaw positioner that is also actuated by an
electric ball screw. The main boom is a hollow 24-in (61-cm) diameter, 3-in (7.6-cm) wall,
graphite/epoxy composite member that bears all the loads transmitted to it from the balance and sting. It
is made from the same materials as the other structural members.

A “knuckle” and two roll mechanisms are mounted at the forward end of the boom. The knuckle is a
simple hinge consisting of an outer yoke attached to the aft piece of the boom and a steel pivot pin
mounted to the forward piece of the boom. The pivot pin rotates in two Teflon bearings mounted in the
outer yoke. Since the knuckle can only move in one plane, the first roll mechanism keeps the knuckle
plane congruent with the plane defined by the tunnel centerline and the center of the knuckle. Model
position is adjusted by simultaneously moving the center boom pitch and yaw positioners, knuckle, and
first roll mechanism for the desired pitch/yaw combination. The second roll mechanism establishes the
desired model roll. All actuator mechanisms are enclosed in structural members so they can be insulated
and heated for reliable operation. Antibacklash gearing, preloaded bearings, and close manufacturing
tolerances will be specified for all commercial items to minimize free play in the model positioning
system. Fairing shapes are applied to the knuckle and the leading and trailing edges of major structural
members for a more streamlined cart.



REAR SUPPORT
BEARINGS

BOOM AFT PIVOT
JOIN

STAINLESS STEEL
QUTER COVER

BOOM TRAVERSE
CARRIAGE

BOOM TRAVERSE

LIFT CARRIAGE (TYP.
2 PL

ROLL MECHANISMS

LIFT MAGNET (TYP. 2 PL)

(TYP. 4 PL)

THRUST
MAGNETS
(TYP. 2 PL)

BOOM KNUCKLE

GUIDE MAGNETS (TYP. 2 PL)

] =y

ACAD# NAHB0505
REV: — 5/23/00
DRAFTER:  KJBS

Figure 7. Isometric view of cart construction details.

Calculated cart weights indicate a cart made primarily of AS-4 graphite/epoxy composites is less than
60% the weight of a cart fabricated entirely of steel at 25,200 pounds (Ib) (11,431 kg) vs. 39,500 Ib
(17,917 kg) and approximately the same weight of a cart fabricated primarily of titanium at 27,780 lb
(12,601 kg). The net effect of extra weight is twofold. First, it requires more power to accelerate the cart.
The extra cart mass also requires larger magnets, batteries, and power conductors. Second, the additional
mass drives the modal frequencies lower, meaning the cart and associated structures will vibrate at lower
frequencies.

Magnetic Levitation System
System Selection. A wide variety of technical options spanning a range of magnetic levitation,
propulsion, and guidance options and system configurations were examined. The four main candidates

identified were:

* An iron-core linear induction motor (LIM) using either single- or double-sided magnets with an
attractive-force suspension system;

* An iron-core linear synchronous motor (LSM) used in combination with an attractive-force suspension
system (the ElectroMagnetic Suspension (EMS) option);
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* An air-core LSM used in combination with a null-flex repulsive-force suspension system using
superconducting magnet technology (the ElectroDynamic Suspension (EDS) option); or

* A permanent magnet, repulsive force system.

The LIM option was discarded for a variety of technical reasons including poor speed control and poor
power factor (less efficient operation) leading to increased tunnel heating. The permanent magnet option
was added late in the selection process but was discarded since it is not fully developed, and involved too
many developmental risks. Therefore, the choice was between the EMS and the EDS options.

In this design, the greatest emphasis was placed on the more practical issues such as minimizing technical
risk and satisfying the stringent magnet position control requirements. The EMS system had the
advantage since it required magnet air gap control for normal operation; therefore, the need to meet
specific HiLiFT project control requirements was more of a refinement step than the development of a
new technology. The EDS system does not normally require control of the magnets to maintain the air
gap clearances, and therefore, to meet specific control requirements meant developing a new control
technology for superconducting magnets (SCM). For these reasons the EMS option was selected for
HiLiFT.

Separate magnets were designed for use as lift, guidance, and thrust magnets. A total of two thrust
magnets were required, along with two guidance magnets and four lift magnets. Their placement is shown
in Figure 8.

L1

Lift Magnets L1 - L4
Guidance Magnets G1 & G2
Thrust Magnets T1 & T2

T1

All magnets are bidirectional.

Figure 8. Lift, guidance, and thrust magnet placement.

Thrust Motors. The thrust motors are LSMs and are used to accelerate and decelerate the cart. The
thrust magnets are located along the bottom of the cart, on either side of the centerline. The LSM stators
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are mounted along the length of the tunnel. The thrust motors are double sided and are driven with a
three-phase power supply capable of variable voltage and frequency operation. Energizing the three-phase
winding gives rise to alternating north and south magnetic poles that travel smoothly in the direction of
cart travel and pull/push on the mating poles of the cart thrust magnets.

Lift and Guidance Magnets. The lift and guidance magnets (LGM) are of the same basic design and
operation, except that the lift magnets must be energized at all times the cart is moving to counteract
gravity as well as vertical forces, while the guidance magnets only counteract horizontal forces. The lift
and guidance magnets are a double gap design where only one gap at a time is energized. This allows
bidirectional control with a single magnet set. There are a total of four lift magnets arranged along the
sides of the cart at the four corners. Additionally, there are two guidance magnets underneath and along
the length of the cart that are slightly offset from the centerline. The reaction rails are attached to the
tunnel.

The electric power required on the cart will be provided by batteries. This power is used for LSM thrust
magnets, lift and guidance magnets, heating electronics and battery compartments, and running control
and communications electronics. To supply this power, lithium-ion batteries were selected. Each cart
magnet will have its own controller and feedback sensors. The batteries must be kept in a temperature-
controlled compartment to protect them from freezing and maximize the system performance. The
electrolytes are in gel form and will not be affected by the high accelerations experienced.

Control Subsystems. The magnet control subsystem performs the following functions:

* Maintains the air gaps to a predetermined tolerance—this prevents the magnet surfaces from contacting
the guideway surfaces, as well as maintaining the required limits on cart orientation.

* Adjusts the magnet currents (forces) to compensate for changes in load as a function of time.

These two functions are closely related, since preservation of the air gap requires adjustments to be made
in the magnet current to compensate for changes in applied or disturbance forces. In addition to
compensating for applied or disturbance forces, the control system must also make adjustments to
compensate for any irregularities in the critical guideway surfaces caused by static or dynamic loads or
temperature changes.

Project Participants

Participants in this study included the following:

NASA-LaRC - concept origination, program management, funding source

MSE - Prime Integrating Contractor and Project Manager, tunnel design and analysis, cart design and
analysis, thermal analysis, infrastructure design, cost analysis

ANL - Maglev system design and analysis, effects of cryogenic temperatures

UTA - aerodynamic analyses
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Statement of Problem and Approach

Problem Definition

The HiLiFT feasibility study was instituted to determine if the concept of a large-scale pressurized,
cryogenic tube with a moving research model was technically feasible and, if so, determine its
construction and operating costs. The level of performance that could be expected for low-speed, high-lift
testing was also evaluated. The three areas of study can be summarized as:

* Technical feasibility
* Construction and operating costs
* Operating performance

The basic research requirements for the HiLiFT facility were determined by NASA-LaRC and are
delineated in Tables 1 through 5. These requirements were derived through recommendation from
NASA-LaRC research personnel and from the findings of NASA’s NWTC Project. Between 1990 and
1995, the NWTC Project developed conceptual designs of a proposed large-scale subsonic wind tunnel
and a proposed large-scale transonic wind tunnel. The subsonic wind tunnel was to have a test section
area similar to that of HiLiFT and was to operate in a similar Mach number and dynamic pressure test
regime. Therefore, it was felt that the research requirements for HiLiFT would be similar to that of the
proposed subsonic wind tunnel.

In one case, the HiLiFT study team proposed a significant departure from the NWTC subsonic wind
tunnel requirements. This departure was in the area of turbulence intensity (see Table 3). The NWTC
requirement for turbulence intensity was 0.05%, but because the HiLiFT facility is envisioned to provide
a quiescent test medium for low-noise acoustic research, the turbulence intensity requirement was revised
to 0.005%. This requirement is particularly stringent, and as described later in this report, is extremely
difficult to achieve.

Table 1. HiLiFT Baseline Configuration Requirements

Baseline configuration

Test concept Stationary medium, magnetically propelled model
Core test volume 16 ft (4.88 m) circular, 2,500-ft (762-m) long
Test medium Nitrogen

Test pressure 1 atm (0.10 MPa) to 7.5 atm (0.76 MPa) absolute
Test temperature +70 °F (21 °C) to =250 °F (=157 °C)

Mach number range 0.05 to0 0.50

Full span Reynolds number 55e10%ft-chord (16.8#10° m-chord) at Mach 0.3
Operating cycle Seven days per week, three shifts per day
Allowable model acceleration/deceleration 3.0 g(29.3 m/s?)
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Table 2. Required Model Range Of Motion

Model range of motion

Angle-of-attack range +20 to —10 degrees referenced from horizontal plane
Yaw range +16 to —16 degrees referenced from vertical plane
Roll range +180 degrees from tunnel longitudinal axis

Maximum angles may occur simultaneously.

The entire model shall stay within core test volume for all combined ranges of motion.

The model center-of-pressure shall stay within =2 inches (5.08 cm) of the center of the core test
volume for all combined ranges of motion.

Table 3. HiLiFT Data Quality Measures

Data quality measures

Pitch angle data Corrected to within £0.01 degree

Yaw angle data Corrected to within £0.02 degree

Roll angle data Corrected to within £0.01 degree

Drag coefficient (Cp) Corrected to within 0.0005 at Mach 0.3 (0.2%, see section on free-stream errors)
Lift coefficient (Cr) Corrected to within 0.005 at Mach 0.3 (0.2%, see section on free-stream errors)
Initial turbulence intensity | 0.005% RMS between 1 Hz to 200 kHz at Mach 0.3

Table 4. Baseline HiLiFT Model Loads, Including A High Lift Case And A High Side Force Case
HiLiFT model loads

Load type High lift load case High side force load case

Lift load 0to£52,210 1b (232.2 kN) 0 to 29,760 1b (132.4 kN)
Drag load 0to 13,214 1b (58.78 kN) 0to 13,214 1b (58.78 kN)

Side load 0 to =585 1b (2.60 kN) 0 to £3,655 1b (16.26 kN)
Pitching moment 0 to 35,917 ft-1b (48.70 kN-m) 0 to £29,811 ft-1b (40.42 kN-m)
Rolling moment 0 to 37,310 ft-1b (50.59 kN-m) 0 to 12,312 ft-1b (16.69 kN-m)
Yawing moment 0 to £8,047 ft-1b (10.91 kN-m) 0 to £8,941 ft-1b (12.12 kN-m)
Model dead weight 0to 1,393 1b (6,196 N) 0to 1,393 1b (6,196 N)

Model support structures shall be designed for a dynamic load range of 225% of the maximum
combined static loads.

Model support structures shall be designed for an impulse loading of 50% of the maximum
combined static loads.

Table 5. HiLiFT Operational Productivity Criteria

Productivity criteria

Shell pressurization rate 1 psi (6.9 kPa) per minute

Shell depressurization rate 1 psi (6.9 kPa) per minute
Minimum tunnel cool-down rate 0.5 °F (0.28 °C) per minute
Minimum tunnel warm-up rate 0.5 °F (0.28 °C) per minute
Minimum test run rate 8 runs per hour

Data collection rate 20 data points per occupancy hour
Data collection cost $250 per data point
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Approach

The approach taken to completing the Phase 11 feasibility was to focus on key analyses and subsystems
that were identified during both Phase 1 and Phase 11 project planning efforts.

Key items addressed during the feasibility study include:

* tunnel structure design;

¢ cart design;

* aerodynamics analysis of the tunnel environment;

* magnetic levitation and propulsion design; and

¢ thermal environment within the tunnel.

Other items that were studied in less detail include:

* nitrogen supply system design;

*  power supply system design;

*  buildings and grounds;

*  gystems safety issues;

*  operational costs; and

*  gystem productivity.

The roles and responsibilities of the various team members included:

*  NASA-LaRC - requirements development and productivity studies;

*  MSE - project management, systems integration, structural design and analysis of the cart and
tunnel subsystems, thermal analyses, nitrogen subsystem design, buildings and grounds, power
subsystem design, safety analyses, and operations cost estimation;

* ANL - magnetic levitation and propulsion subsystem design; and

*  UTA - aerodynamics analyses.
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HiLiFT Project Research Summary

Tunnel System Design

The basic configuration of the HiLiFT tunnel after the completion of the feasibility study is quite close to
the original concept. However, at the beginning of the project, studies were conducted to determine
whether better alternatives existed. An overview of these studies is presented in Alternatives Considered,
full details can be found in Reference 1. The completed design is described in Design, and an overview of
the analyses conducted on the design is contained in Tunnel System Structural Analysis. Full details can
be found in Reference 2.

Alternatives Considered

The basic configuration of the tunnel is a linear tube with a circular cross section. Other configurations
were investigated to determine whether this could be improved upon including toroidal, center pivot,
square and buried with either a flat or domed top and various others. No ideas emerged that were deemed
better than the round linear tube. The other options suffered from structural flaws, the need to join
materials with dissimilar coefficients of thermal expansion, or excessive cost.

The test article, or model, is powered and guided by a magnetic levitation propulsion system attached to a
cart at the bottom of the tunnel. Other placements for the maglev tracks were investigated including an
X shape, a three-support structure like an inverted Y, and ring structures. No better approach emerged
because the cost of construction to ensure the entire tube was highly dimensionally stable (rather than just
the bottom) was prohibitive. In addition, the alternative structures did little to ease the burden on the
guidance magnets, which have to counteract large moments and forces.

Suspension techniques other than maglev were also investigated. These included direct magnetic
suspension of the model (no model cart), air suspension like a hovercraft, and low friction slides. No cost
savings were evident and the other techniques had significant technical difficulties to overcome to operate
in the HiLiFT environment. The only other promising technique was the “wheels-on-rail” concept with an
appropriate suspension system. If the maglev system proves to be unworkable, wheels-on-rail could be
employed.

An investigation was conducted into the best choice for the tunnel materials. Exotic metals, such as
titanium, were found to be unduly expensive for the marginal performance gain in this application. Fiber-
reinforced-plastic (FRP) and other composite materials are not suited to the manufacture of extremely
large structures and have poor fracture resistance, especially at cryogenic temperatures. Concrete may be
used at cryogenic temperatures; however, it does poorly with rapid temperature changes and requires
sufficient reinforcing steel to serve as a pressure vessel so that any cost advantage is lost. Concrete’s
weight and brittleness also count against it. Relatively ordinary metals such as aluminum, high nickel
steel, and stainless steel emerged as the only suitable materials for the tunnel. The cost of constructing the
tunnel from each material was nearly the same; however, the 304/304L stainless steel was chosen for its
high tensile strength, high stiffness, corrosion resistance, and suitability for use at cryogenic temperatures.

The question of whether to make the tunnel a solid piece and contend with the large movement due to

thermal expansion and contraction or use expansion joints was addressed. Inquiries to expansion joint
manufacturers revealed that the HiLiFT would be too large for expansion joints to be feasible.
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A critical question was whether the insulation should be placed inside or outside the pressure vessel.
Placing the insulation inside would maintain temperature agility since the temperature of the massive
tunnel structure would not have to be changed. However, it became clear that due to the loads imposed on
the maglev track by acceleration and aerodynamics, a significant structure would be required to react out
the forces and moments. This structure must penetrate the insulation and would be such a heat source that
the tunnel could not be adequately cooled and kept turbulence free. Therefore, it was determined that the
insulating material must be placed outside the pressure vessel. It was then necessary to determine how to
protect the insulating material from the sun, wind, precipitation, etc. This became more complicated by
the need to remove the insulation periodically to inspect and perform maintenance on the tunnel. After
costing several options, the best alternative was to enclose the tunnel within a preengineered steel-frame
building (a “Butler building”).

Design
Requirements. The requirements shown in Table 6 were used for the structural design study of the

HiLiFT tunnel. They are derived from the HiLiFT Requirements Document and the American Society of
Mechanical Engineers (ASME) Boiler and Pressure Vessel Code.

Table 6. Table Of Tunnel Design Requirements

Parameter Value
Tunnel core test volume (clear space) 16 ft (4.9 m) diameter, circular cross-section
Tunnel pressure vessel inside diameter 20 ft (6.1 m)
Tunnel pressure vessel test section length 2,500 ft (762 m)
Tunnel atmosphere (test medium) Gaseous nitrogen
Tunnel minimum operating pressure 1 atm absolute/0 psig (0 MPa gauge)
Tunnel maximum operating pressure (MOP) 7.5 atm absolute/95.6 psig (0.659 MPa gauge)
Tunnel design pressure (1.17 x MOP) 112 psig (0.772 MPa gauge)
Tunnel hydrostatic test pressure (1.5 x MOP) 143 psig (0.986 MPa gauge)
Tunnel pressure vessel code requirement Tunnel must be ASME Code Stamped pressure vessel
Tunnel atmosphere operating temperature 70 to —250 °F (21 to —157 °C)
Tunnel vessel design temperature range 100 to —320 °F (38 to =196 °C)
Geographical location of HiLiFT facility Langley Research Center, Hampton, VA
Soil conditions, allowable bearing capacity Less than 1,000 Ib/ft> (47.88 kPa)
Cryogenic pressure vessel design life expectancy 50 years
Cryogenic pressure vessel, thermal fatigue life 13,000 cycles, minimum
Cryogenic pressure vessel, pressurization fatigue life 26,000 cycles, minimum
Pressure vessel design fatigue life 250,000 cycles

Design Details. As shown in Figures 9a and 9b, the tunnel pressure vessel shell has an internal diameter
of 20 ft (6.1 m) and a test section 2,500-ft (762-m) long. The model/cart test preparation section of the
vessel is an additional 136-ft (41.4-m) long. The material chosen for the pressure vessel shell is 304/304L
dual-certified stainless steel plate. The same material is used throughout the design including the support
rings, stiffening frame, support cradles, angle mounting rails, and bulkhead doors. The minimum
calculated shell plate thickness was 0.717 in (1.82 cm) and was rounded up to a nominal thickness of
0.750 in (1.91 cm) where the additional thickness serves as a corrosion allowance and compensates for
mill plate tolerances.
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The plates will be joined using longitudinal and circumferential butt-welded joints. In order to attain the
full strength and safety of the plate, the joints will be welded inside and outside of the vessel shell. The
joints will be 100% radiography inspected. The entire 2,500-ft (762-m) length of the tunnel shell will be a
single welded cylinder with no expansion joints. The entire length of the vessel shell will be allowed to
expand and contract longitudinally from thermal changes and pressure expansion. The pressure vessel
shell underbelly is stiffened by a stiffening-frame to prevent unacceptable local bending and bowing of
the pressure vessel shell caused by the weight and forces of the model cart moving through the tunnel.
The entrance end of the 2,500-ft (762-m) long vessel test section will be anchored in place by the main
anchor block to prevent movement. The remainder of the test section will be allowed to move on rollers.
The 136-ft (41.4-m) long test preparation section of the vessel is also anchored by the main anchor block
with the free end allowed to move on rollers.

The pressure vessel shell is stiffened and supported with support rings. The support rings will be welded
in place on the outer circumference of the pressure vessel shell and will provide an attachment area to
support the weight of the pressure vessel shell and its contents on the rolling support cradle structures
located underneath. The support rings add stiffness to maintain the cylindrical shape of the pressure
vessel. The support rings will be 2-in (5.08-cm) thick by 24-in (0.61-m) high and located at 50-ft (15.2-m)
intervals along the length of the pressure vessel shell. There are 50 support rings along the length of the
pressure vessel test section; each ring is supported on a rolling support cradle. There are five support rings
on the pressure vessel cart/model test preparation section; each ring is supported by an additional rolling
support cradle. Each of the 55 support rings is sandwiched between and bolted to the lateral upright
flanges of its support cradle.

The support cradles are mounted on roller bearings that allow movement in the tunnel longitudinal
direction from expansion and contraction of the vessel shell due to thermal changes. The roller bearings
under the support cradles travel on short parallel tracks that are mounted on top of reinforced-concrete
pile cap foundations. The support ring is held in place in the cradle between two vertical plates of the
support cradle. The vertical plates form the sides of the support ring cradle, which create a footprint for a
set of four roller bearing assemblies.

Each support cradle will have a tube welded along each side near its attachment to the tunnel-stiffening
ring for thermal conditioning. Following structural assembly and installation of the tunnel insulation
subsystem, polyurethane foam will be sprayed in place around each support in a manner so that it does
not interfere with the operation of the roller-bearing system. A vapor barrier will be placed around the
foam and sealed to the lower end of the support and the outer surface of the tunnel insulation.

The support cradle structure and the four roller bearing assemblies under each support cradle are designed
with a load capacity of 600 tons (544¢10° kg). The maximum total weight on the roller bearings and the
roller track during the hydrostatic test is 567 tons (514¢10° kg). In normal operation, the support cradle
structure and roller bearing assemblies are required to support a maximum load of 179 tons (162¢10° kg).
The maximum static load from the tunnel weight on the roller bearings is 135 tons (122¢10° kg).

The roller bearing tracks require a vertical and lateral adjustment mechanism capable of lifting and
moving the entire tunnel structure to establish and maintain the pressure vessel alignment. The first
support cradle will have a longitudinal movement of just over 2 in (5.08 ¢cm), while the last support cradle
at the far end of the pressure vessel will have a longitudinal movement of approximately 106 in (2.7 m).
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The support cradles and roller bearing assemblies will be mounted on steel-reinforced concrete pile cap
foundations. Concrete piles will support each pile cap. The top surface of the pile cap supports the I-beam
rail system for the roller bearings with vertical and lateral adjustment.

The reaction rails for the maglev lift magnets, guidance magnets, and the LSM stator will attach to angle
mounting rails, which will be welded to the inside bottom surface of the pressure vessel shell. There are
two mounting angles for the right and left lift magnets, two mounting angles for the right and left thrust
magnets, and one mounting angle for the guidance magnets.

The model/cart test preparation section of the tunnel is fitted with two pressure-tight movable bulkhead
doors. These doors allow the tunnel test section operating pressure and temperature to be maintained
while the cart and model are removed from the test section for maintenance or modification. The
bulkhead doors and short sections of bridge rails are mounted on a carriage track running perpendicular to
the tunnel centerline. The carriage track will be operated by electric motors. The outer circumference of
the bulkhead doors will be pulled tightly against their sealing surface using electrically driven clamping
bolts.

Insulation and Acoustic Damping. The HiLiFT tunnel will be thermally insulated and jacketed with
Foamglas® (a closed-cell silica glass insulation) to minimize heat gains and attendant operating costs.
The pressure vessel shell, the support rings, and the vessel-stiffening frame will be covered with thermal
insulation. Six-in-thick custom manufactured curved Foamglas panels that fit the curvature of the
pressure vessel are laminated together to make a composite 36 in (0.91 m) insulation layer around the
tunnel. Individual panel seams are overlapped and sealed. The outside surface of the last layer will be
covered with a combination aluminum jacket and vapor barrier.

Acoustic wedges (as used in anechoic chambers) will be installed on the inside surface of the pressure
shell for sound wave attenuation. In testing conducted by the manufacturer, one reflection against 18-in
(0.46-m) deep acoustic wedges absorbed 19.5% of the low frequency energy where the majority of the
acoustic noise is expected to be generated. The acoustic wedges will be installed on approximately the
upper three-quarters of the shell circumference and will extend along the entire 2,500-ft (762-m) test
section.

Pressure Testing. After completion of the pressure vessel construction, it will be pressure tested by a
method accepted by the ASME Boiler and Pressure Vessel Code. The code allows either hydrostatic or
pneumatic testing, with the hydrostatic test being the preferred method. Accordingly, a hydrostatic
pressure proof-load test will be conducted by filling the pressure vessel shell with water and then
pressurizing the interior of the vessel according to the ASME code. The hydrostatic test pressure will be
143 pounds per square inch gauge (psig) (0.986 MPa gauge), which is 1.5 times the vessel’s maximum
allowable working pressure of 95.6 psig (0.659 MPa gauge). The HiLiFT pressure vessel, support cradles,
support cradle rollers, pile cap foundations, and all calculations presented in this study assume that the
pressure vessel is to be hydrostatically pressure tested.

Tunnel System Structural Analyses
Static Deflection Analysis. A static deflection analysis was performed using ANSYS®, a finite element
analysis (FEA) computer-simulated engineering software package. The static deflection model represents

five sections of the full-size tunnel where each of the five sections is 50-ft (15.2-m) long for a total model
length of 250 ft (76.2 m).
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Two different test loads were used. Test-1 loads of 88,210 Ib (40.0¢10° kg) represent the weight of the
cart and aircraft model, as well as the maximum negative lift force from the aircraft model as specified in
the design requirements document. Test-2 loads of 42,965 Ib (19.5¢10° kg) represent the weight of the
cart and aircraft model, as well as a more nominal negative lift force from the aircraft model. Both loads
were applied as a distributed load midspan between support rings on the tunnel shell as shown in Figure
10 (internal nitrogen pressure was neglected for these analyses).

Figure 10. Distributed load midspan between support rings on the tunnel shell.

The maximum stress on the tunnel model from the Test-1 loads was 3,612 pounds per square inch (psi)
(24.9 MPa), as shown in Figure 11. The maximum stress on the tunnel model from the Test-2 loads was
1,760 psi (12.1 MPa) with the same pattern as in Test-1. Both of these are versus a material maximum
allowable stress of 18,800 psi (130 MPa) per the ASME Broiler and Pressure Vessel Code.
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Figure 11. Maximum stress on the tunnel model from Test-1 loads.

The maximum deflection from the loads in Test-1 was 0.057 in [1.45 millimeters (mm)], as shown in
Figure 12. The maximum deflection from the loads in Test-2 was 0.029 in (0.74 mm) and followed the
same pattern as Test-1.
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Figure 12. Maximum deflection from loads on the test model.

Dynamic Analysis. Modal analysis is used to determine the vibration characteristics including natural
frequencies and mode shapes of a structure. The natural frequencies and mode shapes are important
parameters in the design of a structure for dynamic loading conditions. There are no loads or forces
applied to the model for the modal analysis.

A modal analysis was completed for the HiLiFT structure using ANSYS®. This model is the same model
used for the harmonic response analysis.

The modal analysis calculated all of the peak frequencies seen on the harmonic response graph plus
hundreds more. Sixteen of the frequencies and a brief description of the mode shapes are presented in

Table 7.

Table 7. Tunnel Modal Frequencies And Mode Shapes

Number | Frequency | Direction | Description

1 2.98 Hz Z Longitudinal movement, upper half of vessel, flexing of support rings.

2 5.23 Hz Z Longitudinal movement, upper half of vessel, flexing of support rings.

3 7.97 Hz X Lateral movement, upper half of vessel.

4 8.01 Hz Z Longitudinal movement, upper half of vessel.

5 8.07 Hz X Lateral movement, upper half of vessel.

6 8.26 Hz X Lateral movement, upper half of vessel.

7 8.53 Hz X Lateral movement, upper half of vessel.

8 8.87 Hz X Lateral movement, upper half of vessel.

9 9.28 Hz X Lateral movement, upper half of vessel; small lower shell wave.

10 9.29 Hz X, Y Sinusoidal shell wave, little support ring movement.

11 12.00 Hz Y Sinusoidal shell wave, lower shell wave, little support ring movement.
Dominant peak frequency on harmonic response graph.

12 14.00 Hz Y Sinusoidal shell wave, lower shell wave, little support ring movement.
Dominant peak frequency on harmonic response graph.

13 19.98 Hz Y Sinusoidal shell wave, lower shell wave, little support ring movement.

14 21.98 Hz Y Sinusoidal shell wave, lower shell wave, little support ring movement.

15 24,99 Hz Y Sinusoidal shell wave, 1st section affected only

16 26.35 Hz Y,Z Sinusoidal shell wave, little shell wave.
Sinusoidal support ring wave, elephant ear action of support rings.

Note: X direction = side-to-side, Y direction = vertical, Z direction = longitudinal
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A copy of the ANSYS output for mode numbers 1, 7, and 10 is shown in Figures 13, 14, and 15,
respectively.

Figure 13. ANSYS output for Mode 1.
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Figure 14. ANSYS output for Mode 7.

Figure 15. ANSYS output for Mode 10.
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Cart and Sting System Design and Analyses

Requirements
The key requirements for the HiLiFT cart are summarized in Table 8.

Table 8. Cart And Sting Design Requirements

Parameter Value
Model angle-of-attack range +20 to -10 degrees referenced from horizontal plane
Model yaw range +16 to —16 degrees referenced from vertical plane
Model roll range +180 degrees from tunnel longitudinal axis
Model loads see Table 4
Model center of pressure Within £2 in (5.1 cm) of the center of the core test volume
Model support structures A. Designed for a dynamic load range of 225% of the maximum combined
dynamic design criteria static loads
B. Designed for an impulse loading of 50% of the maximum combined static
loads
Material Selection

Calculated cart weights indicate a cart made primarily of AS-4 graphite/epoxy composites is less than
60% the weight of a cart fabricated entirely of steel at 25,200 1b (11,431 kg) vs. 39,500 1b (17,917 kg) and
approximately the same weight of a cart fabricated primarily of titanium at 27,780 1b (12,601 kg). These
numbers assume the metal cart components are thinner than composite members, since they have a higher
elastic modulus and mechanical strength. The allowable stress for low-end composites is on the order of
40,000 psi (276 MPa), while for American Society for Testing and Materials (ASTM) A286 steel, it is
approximately 78,000 psi (538 MPa). The net effect of the extra weight is twofold. First, it requires more
power to accelerate the cart. The extra cart mass also requires larger magnets, batteries, and power
conductors. Second, the additional mass drives the modal frequencies lower, meaning the cart and
associated structures will vibrate with lower driving frequencies, which is undesirable, as discussed in
Model Analysis section.

Design Characteristics

The baseline cart/model support system consists of a deck structure to house the suspension and
propulsion magnets and an adjustable boom assembly to support the model/balance subassembly. The
entire structure is constructed of graphite/epoxy composite except for bearings and metallic positioning
mechanisms, end fittings for composite members, fairing plates, and fasteners. The deck is fabricated
from 18-in (45.7-cm) by 9-in (22.9-cm) by 0.5-in (1.3-cm)-thick members connected by welded A286
steel fittings with bolted fasteners. Plan and elevation views of the model and cart are shown in
Figures 16 and 17.
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Figure 16. Cart and model plan view.

Figure 17. Cart and model elevation view.

Vertical structural supports for the main boom and positioning hardware are also 18 in (45.7 ¢cm) by 9 in
(22.9 ¢m) by 0.5 in (1.3 ¢cm) graphite/epoxy composite. The aft supports and rear shaft form a structural
pseudo-bent to which the aft boom is attached. Teflon bearings [12 in (30.5 c¢cm) inner diameter (ID)]
support the boom rear yoke and rear shaft at their respective attachment points. The forward vertical
supports and the yaw traverse support are arcs with a 16-ft (4.9-m) center of curvature. This ensures free
movement without any axial relative motion between the boom and traverse.

The onboard batteries are mounted inside the deck to power lift magnets, instrumentation, positioning
mechanisms and other cart accessories during test runs. The dimensions of each of the two battery banks,
fore and aft, is 10 ft (3.0 m) by 5 ft (1.5 m) by 1-ft (0.3 m). These batteries are kept warm in insulated and
heated enclosures fabricated from stainless steel/polyurethane foam sandwich material.

The boom assembly serves to position the model/balance. It is supported by tandem pitch positioners
actuated by electric ball screws, as well as a yaw positioner that is also actuated by an electric ball screw.
The ball screws are mounted on gimbals at both ends, so they are only loaded in the axial direction. Other
loads are borne by positioner carriages on each vertical support and the yaw traverse.

The main boom is a hollow 24-in (61.0 ¢m) diameter, 3-in (7.6 ¢cm) wall, graphite/epoxy composite
member that bears all the loads transmitted to it from the balance and sting. It is wound from the same
materials as the other structural members; the main differences are its larger size and greater wall
thickness. This member houses the instrument cables for model data and power wiring for the roll
mechanisms mounted at its end.
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A “knuckle” and two roll mechanisms are mounted at the forward end of the boom. The knuckle is a
simple hinge consisting of an outer yoke attached to the aft piece of the boom and a 12-in (30.5 cm) steel
pivot pin mounted to the forward piece of the boom. The pivot pin rotates in two 12-in (30.5 cm) Teflon
bearings mounted in the outer yoke. Since the knuckle can only move in one plane, the first roll
mechanism keeps the knuckle plane congruent with the plane defined by the tunnel centerline and the
center of the knuckle. Model position is adjusted by simultaneously moving the center boom pitch and
yaw positioners, knuckle, and first roll mechanism for the desired pitch/yaw combination. The second roll
mechanism establishes the desired model roll. All actuator mechanisms are enclosed in structural
members; therefore, they can be insulated and heated for reliable operation. Antibacklash gearing,
preloaded bearings, and close manufacturing tolerances will be specified for all commercial items to
minimize free play in the model positioning system. Fairing shapes are applied to the knuckle and to the
leading and trailing edges of major structural members for a more streamlined cart.

Structural Analyses

Static Deflection Analysis. Static analysis is used to examine the response of a structure when the time-
dependent effects of inertia and damping are not significant components of that response. The HiLiFT
project used static analysis to estimate the steady-state deflections of the cart due to applied lift, drag, and
yaw loads. Static end-of-boom deflections for baseline model loads are summarized in Table 9.

It can be seen from the data that the static deflections are generally not within the required tolerances of
2 in. The boom thickness used in this analysis was 3 in (7.6 ¢m) for the 24-in (61-cm)-diameter boom.
The 24-in (61-cm)-diameter boom was chosen to minimize the effects on aerodynamic performance. This
will require the boom angle to be placed in an offset position in anticipation of deflections. The model
attitude will change during the acceleration and deceleration phases of each run but will be within the
required 2 in (5.1 cm) during the data collection portion of the run.

Table 9. Summary of Static Deflections—Baseline Case.

Load/geometry case Model deflection Maximum stress
High lift
Cart E=17,000,000 psi (117,000 MPa) 8.3 in (21.1 cm) upward Sting: 34,042 psi (235 MPa)
Boom E=17,000,000 psi (117,000 MPa) 0.08 in (0.20 cm) sideways Boom: 18,107 psi 125 MPa)
Sting E=30,000,000 psi (207,000 MPa) Traverse: 29,817 psi (206 MPa)
Sting Dia=12.5 in (31.8 cm) Front Support: 13,089 psi (90 MPa)

Boom Dia=24 in (61.0 cm)
High side force

Cart E=17,000,000 psi (117,000 MPa) 4.45 in upward (11.3 cm) Sting: 21,483 psi (148 MPa)
Boom E=17,000,000 psi (117,000 MPa) 0.34 in sideways (0.86 cm) Boom: 11,477 psi (79 MPa)

Sting E=30,000,000 psi (207,000 MPa) Traverse: 16,633 psi (115 MPa)
Sting Dia=12.5 in (31.8 cm) Front Support: 6,334 psi (44 MPa)

Boom Dia=24 in (61.0 cm)

A 12.5-in (31.8-cm)- diameter composite sting with a 3.5-in (8.9-cm) wall was chosen. This size is as
large as will fit in the tail of a large transport model; however, even this size sting has calculated stresses
slightly over the allowable 40,000 psi (276 MPa) for the high lift load case. Smaller models will require a
smaller sting; a suite of stings will most likely be required to accommodate all models anticipated.
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The balance used in this analysis is a stainless steel unit with a maximum diameter of 6.5 in (16.5 cm).
The second area moment for this shape is estimated to be between 45 and 87 in* (1,870 and 3,620 cm®).
Even at the maximum second moment, the calculated stress is approximately 74,000 psi (510 MPa)—
beyond the material ultimate strength of approximately 70,000 psi (483 MPa). Accordingly, the cart will
require a larger balance to accommodate the high lift case.

Transient Dynamic Analysis. A sinusoidal vertical displacement of 1 mm (0.039 in) was imposed on
the model cart to simulate the effect of tunnel deflection between the pressure vessel stiffening rings. At
Mach 0.3, the period of oscillation for this deflection is approximately 0.23 seconds, or 4.3 hertz (Hz).
The model response indicates a pronounced resonant amplification of this driving function in the vertical
direction at approximately 4.5 Hz. This amplification results in model position errors greater than
allowables and must be analyzed in greater detail during future studies.

The peak high lift case loads were increased by 25% to accommodate general dynamic loading; the model
was then statically analyzed. The results show the peak y-coordinate (upward) model deflection is 8.64 in
(21.0 cm), 0.84 in (2.1 ¢cm) (10%) more than the steady-state deflection of 7.8 in (19.8 cm).

Impulse loading response was examined by loading the end of the balance to 100% and then imposing a
lifting force ramp function from 100% to 150% of static values over 1 second. These conditions were
maintained for 1 second; the lifting force was then ramped back down to 100% over 1 second. This
analysis was performed to determine the effects of sudden overload. The results indicate flutter in the
steady-state portion of the ramped load at approximately 4.5 Hz. The induced boom stresses under these
conditions are below 30,000 psi (207 MPa), which is acceptable.

The cart’s responses to the 8 Hz driving function from the linear synchronous motor (LSM) were
examined by applying a 1 mm amplitude wave at the base of the cart where the motors are located. The
responses were as follows:

* Applied axially, the model’s axial response occurred at approximately 14 Hz, slightly amplified. The
transverse responses were at approximately 5 Hz, not amplified.

* Applied vertically, the driving function yielded a vertical response at approximately 6 Hz, not
amplified. The axial and sideways responses were approximately 8 Hz and 5 Hz, respectively, also not
amplified.

* Applied sideways, the driving function produced an axial model response at approximately 4.5 Hz,
amplified, a vertical response at approximately 5 Hz also amplified, and a sideways response at
approximately 4 Hz slightly amplified.

Modal Analyses. Modal analysis is useful for any application in which the natural frequencies of a
structure are of interest. In this case, the natural frequencies of interest are those below 25 Hz.
Frequencies between 0 and 25 Hz have been the range of driving frequencies in wind tunnel operations.
By avoiding such natural frequencies, the catastrophic results of resonant amplification of the driving
frequencies can be avoided.

Modal analysis is used to extract the natural frequencies and mode shapes of a structure. This is an

important first step in many types of dynamic analysis because knowledge of the structure’s fundamental
mode shapes can help characterize its dynamic response.
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The cart model for modal analysis is a structure composed of elastic beams and three-dimensional
masses. For the cart, model, sting, and balance [24-in (61-cm) boom case], the first 10 modal frequencies
and descriptions are summarized in Table 10. Examples of the visualization of mode shapes generated by
the analysis software are given for Mode 5 in Figure 18 and Mode 8 in Figure 19.

Table 10. Modal Analysis Summary

# | Mode description Frequency
1 Up/down bending, entire cart 4.69 Hz
2 | Side/side bending, boom and supports 543 Hz
3 Fore/aft boom motion 7.92 Hz
4 Side/side bending, supports 8.23 Hz
5 Twisting, front boom supports 13.16 Hz
6 | Fore/aft boom motion, transverse deck bending 15.80 Hz
7 | Deck twisting amidships 20.25 Hz
8 Aft deck bending 22.56 Hz
9 | Deck stringers side/side waves 24,09 Hz
10 | Deck twist 32.18 Hz

Figure 19. Visualization of mode shape for Mode 8.

28



Pedestal Mounted Model (Bipod Model Support)

The low resonant frequencies of the chosen model mounting method, combined with the high stresses on
the sting, led to the consideration of another type of mounting. The most promising was the bipod mount,
as shown in Figure 20 that is installed in the NASA Ames Research Center (NASA-Ames) 12 ft (3.7 m)
pressure wind tunnel.
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Figure 20. Bipod mount of the NASA-Ames 12-ft (3.7 m)
pressure wind tunnel.

The bipod model support (BMS) consists of a static main post and articulating rear strut. The rear strut
consists of a roller screw, driven by an electric motor, and a harmonic drive gear reduction. The rear strut
controls the pitch of the model, and a turntable mounted on the base controls the yaw of the model. The
balance would be external to the model, i.e., between the cart and the model supports.

In general, the BMS offers less stress on the structural members and higher modal and resonant
frequencies. However, its drawbacks include: 1) more aerodynamic interference on the model and
2) requires a new external balance designed to withstand the loads imposed at the temperatures and
pressures in the tunnel.

The BMS design is being strongly considered for adoption in the next design iteration.
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Maglev System

System Options and Selection

A wide variety of technical options spanning a range of magnetic levitation, propulsion, and guidance
options, and system configurations were examined (Refs. 2 and 3). The four main candidates identified
were:

* An iron-core LIM using either single- or double-sided magnets with an attractive-force suspension
system,;

* An iron-core LSM used in combination with an attractive-force suspension system (the EMS option;

* An air-core LSM used in combination with a null-flex repulsive-force suspension system using
superconducting magnet technology (the EDS option); or

* A permanent magnet, repulsive force system.

The LIM option was discarded for a variety of technical reasons including poor speed control and power
factor (less efficient operation) leading to increased tunnel heating. The permanent magnet option was
added late in the selection process but was discarded since it is not fully developed and there were too
many developmental risks. Therefore, the choice was between the EMS and the EDS options.

In this design, the greatest emphasis was placed on the more practical issues such as minimizing technical
risk and satisfying the stringent magnet position control requirements. The EMS system had the
advantage since it required magnet air gap control for normal operation. Therefore, the need to meet
specific HiLiFT project control requirements was more of a refinement step than the development of a
new technology. The EDS system does not normally require control of the magnets to maintain the air
gap clearances, and therefore, to meet specific control requirements meant developing a new control
technology for superconducting magnets.

However, the EDS option is being kept as an alternative in the event the EMS option proves unworkable.
Among the technical challenges associated with the EMS options was that until recently the technology
had been developed for a large lifting force and small axial acceleration. This is the opposite of the
requirements for HiLiFT, although it became clear later in the project that a high lifting force would also
be required to balance very large applied moments.

System Description

Separate magnets were designed for use as lift, guidance, and thrust magnets. A total of two thrust
magnets were required, along with two guidance and four lift magnets, as shown in Figure 21.
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Lift Magnets L1 « L4
Guidance Magnets G1 & G2
Thrust Magnets TY & T2

All magnets are bidirectional,

Figure 21. Cart magnet placement.

Thrust. The thrust motors are LSMs and are used to accelerate and decelerate the cart. The thrust
magnets are along the bottom of the cart, on either side of the centerline. Each magnet is 32.5-ft (9.92-m)
long, 1.2-ft (0.36-m) wide, and 3.15-in (0.08-m) thick. The LSM stators are mounted along the length of
the tunnel and are divided into 164-ft (50-m) section lengths. The thrust motors are double sided and are
driven with a three-phase power supply capable of variable voltage and frequency operation. Energizing
the three-phase winding gives rise to alternating north and south magnetic poles that travel smoothly in
the direction of cart travel and pull/push on the mating poles of the cart thrust magnets. In the braking
mode, the LSM becomes a generator with the power generated being dissipated in a resistor bank.

A 12.5 kilovolt (kV), 3.4 kiloampere (kA), three-phase utility connection is required for each of two
power supplies to supply sufficient power for peak accelerations. Each LSM power supply will be a two-
stage power converter consisting of a phase-controlled rectifier feeding a variable frequency, variable
voltage inverter, via a dc link. The dc link/inverter combination is called a voltage source inverter and is
commonly used in large motor drives and electric locomotives. This is shown schematically in Figure 22.

The entire LSM cannot be placed on line at the converter output because the leakage reactance of the
LSM would then be so large that an enormous stator power supply voltage would be required. For this
reason, it is sectionalized or divided into 164-ft (50-m) sections. Only the section under the HiLiFT cart
must be energized to provide propulsion force. Sections are switched onto the power supply as needed.
Since switching from one LSM section to the next as the cart moves cannot be done instantaneously, two
LSM sections are always energized during a run from separate power supplies. One section (i.e., the
“active” section) is under the cart and provides propulsion power for the cart. The section just ahead of
the “active” section (i.e., the “ready” section) must be energized so that when the cart reaches it, LSM
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operation will continue smoothly. When a “ready” section becomes the new “active” section by way of
cart travel, the old “active” section is switched off, and the section ahead of the present “active” section is
energized to make it the new “ready” section. The old and new ready sections leapfrog the cart to provide
continuity of LSM operation.

@
1y
P

3}

.
£

Bl Shater
Sections

Figure 22. Power circuit and sectionalizing.

Under normal operations, dynamic braking will be used to bring the cart to rest. For this, the power
source is disconnected from the stator, and the stator terminals are connected to resistor banks to dissipate
the energy. To provide control of the braking rate, the resistor banks can be connected to the dc bus inside
the power converter.

An analysis was performed on the amount of “swing” expected in the LSM. The term “swing” originates
from rotary synchronous motor design, where it refers to cyclical perturbations around the synchronous
frequency. The physical source of these perturbations is the lightly damped “spring” consisting of the two
magnetic fields pulling on each other. “Swing” for a LSM shows up as small perturbations around the
linear velocity. Analysis showed that the swing was so lightly damped that large oscillations could build
up and affect the data accuracy of the aerodynamic measurements, see Figure 23. Fortunately, using
feedback through the LSM controllers was quite effective in adding significant damping so that the
oscillations will not build up, as shown in Figure 24.
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Figure 23. Effect of a sequence of —8kN pulses of period 1.2 s and width 0.02 s on the
oscillations of the relative velocity. The sequence is started at 0.5 s.
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Figure 24. Feedback control gain=1,000 V/m/s. Impact on response to the same sequence of pulses
used in Figure 23.
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Lift and Guidance. The lift and guidance magnets are of the same basic design and operation except that
the lift magnets must be energized at all times the cart is moving to counteract gravity as well as vertical
disturbances, while the guidance magnets only counteract horizontal disturbances. The lift and guidance
magnets are a double gap design, where only one gap is energized at a time. This allows bidirectional
control with a single magnet set. There are a total of four lift magnets arranged along the sides of the cart
at the four corners. There are also two guidance magnets undemeath and along the length of the cart that
are slightly offset from the centerline. The reaction rails are attached to the tunnel. Each lift and guidance
magnet is 16.4-ft (5-m) long, 3.94-in (0.1-m) wide, and 3.15-in (0.08-m) thick. See Figure 25 for a sketch
of the proposed LGM.

The electric power required on the cart will be provided by batteries. This power is used for LSM thrust
magnets, lift and guidance magnets, heating electronics and battery compartments, and running control
and communications electronics. Analysis showed that the most important battery parameter is specific
power (power per unit weight) due to the large power demands during the short acceleration/
decelerations runs. The specific energy (energy per unit weight) of the batteries determines the number of
runs that can be made before recharging. The maximum power demand (for less than a second) is
expected to be just over 3 megawatts (MW). To supply this power, lithium ion batteries weighing
approximately 5,573 Ib (2,528 kg) and occupying approximately 100 cubic feet (ft’) [2.83 cubic
meters (m*)] were selected. Each cart magnet would have its own controller and feedback sensors. The
power conditioning and instrumentation systems are expected to occupy approximately 33 ff* (0.934 m’)
and 1 ft* (0.0283 m’) of space, respectively. The batteries must be kept in a temperature-controlled
compartment to protect them from freezing and to maximize the system performance. The electrolytes are
in gel form and will not be affected by the high accelerations experienced.
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Figure 25. Lift/guidance magnet (laminations parallel to plane of page).
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Emergency Braking. Under emergency conditions (e.g., the loss of a stator or dynamic braking circuit),
an alternate braking scheme must be used. There are several options including both electrical and
mechanical braking schemes. An electrical eddy current brake might operate as a suspended conducting
plate as it passed between permanent magnets at the end of the tunnel; this would involve high
deceleration forces. Another alternative would be to place a wire coil so that it passes through the
permanent magnets. The coil would be open-circuited and have no effect under normal operations but
would default to a fail-safe closed position if any anomalies are detected.

Thermal Considerations. The maglev system will generate significant heat that must be removed from
inside the tunnel by injection of cryogenic nitrogen. Heat is generated by the stator, thrust magnets, and
lift and guidance magnets. Some of the thermal input will be distributed along the tunnel; the rest will be
deposited at the cart parking location between runs. The maglev system design calls for the maximum
temperature rise of 45 °F [25 Kelvin (K)]. Most temperature rises will be less than this. For example,
assuming no heat transfer out of the first stator section until the cart is past, the maximum temperature
rise would be 0.322 °F (0.179 K). The performance of the system will be derated for operation at ambient
temperature to limit the temperature rise in the cart components. The temperature rise will be greater at
ambient temperature because the copper windings will be more resistive (less efficient) at warmer
temperatures.

Control Systems
The magnet control system performs the following functions:

« Maintains the air gaps to a predetermined tolerance — this prevents the magnet surfaces from coming
into contact with the guideway surfaces and maintains the required limits on cart orientation.

« Adjusts the magnet currents (forces) to compensate for changes in load as a function of time.

These two functions are closely related, since preservation of the air gap requires making adjustments in
the magnet current to compensate for changes in applied or disturbance forces. In addition to
compensating for applied or disturbance forces, the control system must also make adjustments to
compensate for any irregularities in the critical guideway surfaces caused by static or dynamic loads or
temperature changes.

The overall design philosophy adopted for this work involved two independent approaches. In the first
approach, it was assumed that precise control of the air gaps of each individual magnet was sufficient to
control the entire cart orientation. That is, the maintenance of each air gap could be conducted without
adversely affecting the control of the other air gaps. On this basis, the allowed changes in attitude, yaw,
and roll could be precisely determined in terms of the tolerances on the variation of each air gap. For
example, by maintaining the vertical air gaps at each corner of the cart within certain tolerances, its
attitude and roll could be maintained within the corresponding tolerances. A sample control system is
shown in Figure 26 with a sample output shown in Figure 27. A critical assumption of this approach is
that the adjustments called for by the control system would not exceed the capacities of the magnets and
their power supplies.
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Figure 26. Magnet control system.
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Figure 27. Response of the air gap to the input impulse to Afa(t). The
impulse is started at 0.02 s, its amplitude is 20 kN, and its width is 0.01 s.
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In the second approach, i.e., the force/torque balance approach, it was assumed that the forces required to
balance any combination of applied forces and torques could be generated by the appropriate selection of
magnet forces, recognizing that each magnet on the cart could produce forces in only two complimentary
directions (up/down, fore/aft, left/right, etc.). In order to correctly apply this approach, it is necessary to
devise an algorithm that apportions the required forces to the optimal subset of magnets. For example, if
the applied forces result in a pitching moment on the cart, only the fore and aft lift magnets should be
required to balance that moment. The apportionment algorithm used also minimizes the sum of the
squares of the ratios of the force required by each magnet to the capacity of that magnet. This
apportionment method distributes the burden to the relevant magnets as uniformly as possible without
overstressing any particular magnet while minimizing I°’R energy losses. The force/torque balance
approach does not involve system dynamics (i.e., no response time is built in, but it provides a means of
determining if the masses, capacities, and energy losses of all the magnets are consistent with the
expected loads). It assumes that some means exists to control each magnet so that it produces the precise
force that is required for the force and torque balance. This approach also provides a convenient way to
generate the forces and heat inputs needed in the system simulation model.

The system simulation model simulates system kinematics and was constructed using MATLAB® with
the Simulink® toolbox. A block diagram of this model is shown in Figure 28. It was used to produce
several important pieces of information for the overall system design including the temperature profiles of
the magnet windings, the power input profiles to the cart and stator windings, the energy loss profiles, and
the heat input to the tunnel as a function of time and position. It does not simulate system dynamics,
which would require incorporation of the individual air gap control model; there was insufficient time and
resources to complete these in this feasibility study.
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Figure 28. Tunnel run simulation block diagram.
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Aerodynamic Analyses

Influence of the Cart and Model Support System

The cart and model support system induce unwanted disturbances on the model. In order to minimize this
effect, the model support system must be carefully designed, and the model must be separated from the
cart by an appreciable distance. This section summarizes the acrodynamic analysis and results that were
used to guide the model support design and to set the cart/model separation distance.

Method of Analysis. The interference created by the cart and model support system were studied
through use of a panel method. This was done in a three-step procedure where the influence of the cart
alone was first considered. This was followed by the influence of the model support by itself and then by
the combined influence of the two.

The disturbance velocities computed by the panel method were converted into lift and drag deviations by
considering two separate effects: 1) changes to the free-stream speed due to the blockage created by the
model support and cart; and 2) effective changes to the angle of attack due to a vertical flow component
(flow-induced effective twist). Since both lift and drag depend quadratically on the flow velocity, a given
small percentage deviation in free-stream velocity results in twice that percentage deviation in lift or drag.
This rule was used for the blockage errors. In order to analyze the effects of induced twist, a lifting-line
model was used to compute the lift and drag distributions on a wing with an effective twist distribution
generated by the predicted vertical velocity component. These values of lift and drag were then compared
with those of an untwisted wing in order to obtain relative errors. In this analysis, the angle of attack was
fixed at 2 degrees.

Results

Influence of the Cart. The cart produces disturbances that fall off rapidly at first, but then transition to
an asymptotic slow approach to quiescent conditions with increasing distance from the cart. This behavior
is expected since the tunnel walls only allow the disturbances to spread in a single direction for distances
of about a tunnel diameter or more. The computed results showed that although the disturbances would
generate less that 0.4% errors in lift or drag at a separation of 16 ft (4.9 m) between the model wing and
the cart, a separation distance of 28 ft (8.5 m) was required to drop the errors to 0.2%. Thus, in order to
meet the error requirement, the cart/model separation distance was set at 28 ft (8.5 m).

While 28 ft (8.5 m) seems like a rather long separation distance, it should be noted that the length
required for the boom that supports the model will be less than the 28 ft (8.5 m) since the wing is
displaced a considerable distance from the aft end of the model. As an example, a 1:19 scale model of a
747 has roughly 10 ft (3.0 m) between the center of pressure of the wing and the tail end. Thus, a boom of
approximately 18 ft (5.5 m) will provide the required 28-ft (8.5-m) separation.

Influence of the Model Support System. The model support system consists of an articulated boom that
extends 18 ft (5.5 m) in front of the cart. Much of the boom design is constrained by structural
considerations, and the main objective was to determine the influence for a few permissible cross-
sectional diameters. Diameters of 24, 30, and 36 in (61, 76, and 91 cm) were analyzed but only the 24-in
(61 cm) boom could meet the lift and drag error requirements. Thus, the diameter was fixed at 24 in
(61 cm).
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Influence of the Combined Cart/Model Support System. The combined influence of the cart and
model support system was calculated by including both of these objects in the panel solution
simultaneously. The model support system described above with the 24-in (61 cm) boom was considered,
and the influence was computed at the assumed wing position of 28 ft (8.5 m) ahead of the cart. Results
from these simulations are shown in Figure 29. The blockage error meets the 0.002 requirement over the
entire angle-of-attack range, but the twist error exceeds the requirement for angles of attack less than
approximately 4 degrees. This problem is nearly unavoidable since the relative error will be large for even
a small amount of twist near the zero lift condition (0=0). By increasing the cart/model separation
distance or by reducing the boom diameter, the twist error can be reduced, but this will only have the
effect of moving the error-violating angle of attack from 4 degrees to a slightly smaller angle. Based on
this observation, along with the structural problems that would arise by undertaking either of these two
options, one is motivated to leave the design as stated above.
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Figure 29. Combined influence of the cart and model support system on the model.

Possible Design Modifications. The design of the model support system involves several compromises
between structural and aerodynamic considerations. The structural concerns are yield strength, static
deflection, and natural frequency, all of which become problematic as the boom length is increased and as
its diameter is decreased. The aerodynamic considerations are exactly opposite where a long, slender
boom is desirable. There is little that can be done to improve the structural behavior since the design
already calls for very high-strength composite materials. It may be easier to reach a compromise on the
aerodynamic side through the use of data correction schemes (Ref. 4). As mentioned above, the
interference due to the cart begins to flatten out at approximately a 16-ft (4.9 m) separation distance.
Thus, if data correction schemes could be devised to remove half of the error or more, it may be possible
to reduce the boom length by as much as 12 ft (3.7 m). Similarly modest increases in the boom diameter
do not lead to enormous error and the excess due to this source could also be reduced through the use of a
data correction scheme.
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Effects of Acoustic Waves

As the model accelerates, it exerts a time-dependent pressure force on the surrounding fluid. This
unsteady force acts as the source for acoustic waves, which then propagate away from the model at the
speed of sound. These waves will reflect off the tunnel side and end walls and impinge on the model,
thereby introducing unwanted disturbances. Most of the analysis presented here focuses on the
components of the wave that travel longitudinally and reflect off the tunnel end walls. The waves that
reflect squarely from the side walls are not expected to be as important since their direction of travel is
perpendicular to the motion of the model. These transverse waves are therefore left behind and do not
contact the model at a later time. Some reflections with the side walls will occur at an oblique angle so the
disturbances they create will decrease with time as the waves spread. In addition, acoustic wedges affixed
to the tunnel walls will further reduce the amplitude of these oblique waves.

Model/Longitudinal Acoustic Wave Interactions. Interactions between the model and longitudinally
traveling acoustic waves were predicted by writing the equations for the position of the waves as a

function of time and then solving these equations simultaneously with those for the position of the model.

Figures 30 and 31 show typical interactions with the compression and expansion waves, respectively, on
x-t diagrams. The test conditions are M=0.35 and T=-250 °F (-157 °C).
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Figure 30. Typical interactions with the compression wave. The solid line is
the model trajectory, whereas the shaded band shows the envelope of the
acoustic waves. The test conditions are M=0.35, T=-250 °F (-157 °C), a=3g
(29.3 m/s%), and L1=2,500 ft (762 m).

In this case, the compression wave impacts the model once during the constant-speed portion of the test
and a second time during the deceleration phase. Prior to the first impact (for about one-third of the test
time), the model is not influenced by the compression wave. Interactions with the expansion wave are
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